To develop new catalysts based on carbon nanomaterials with supported metal oxide nanoparticles for oxidative transformations of sulfur compounds, a series of metal oxide nanoparticle-decorated carbon nanotubes (MO x /CNTs) were prepared by incipient wetness impregnation at a variation of the active metal type (M = Ce, Mo, Cu). The thermal decomposition of bulk and CNT supported metal precursors used in the preparation of MO x /CNTs was analyzed under inert atmosphere employing several thermoanalytical techniques (thermogravimetry, differential thermogravimetry and differential scanning calorimetry) coupled with mass spectrometry. The thermolysis parameters of the bulk and supported metal precursors were compared and the effect of CNT support on the decomposition pattern of compounds was elucidated. It was established that the decomposition of metal precursors supported on CNTs was started and completed at temperatures of 15-25 and 25-70 °C lower, respectively, compared with the bulk active metal precursor. The enhancement of CNT support stability against thermal degradation is observed in the following row of metal cations: Ce < Cu < Мо < pristine and metal anions of precursor: nitrate < chloride < sulfate. The optimal mode of thermal treatment of catalyst and appropriate active metal precursors were selected for advanced synthesis of nanosized MO x /CNT catalyst.
Introduction
The supported metal nanoparticles and nanoclusters are effective catalytic systems in various catalysis processes [1] [2] [3] . A decrease in particle size to a nanometer level leads to a change in their melting temperature, heat capacity, thermal conductivity, and the appearance of unique electronic, optical, and magnetic properties. Due to specific physicochemical properties and a high concentration of coordination-unsaturated centers, nanocatalysts have unique functional properties, combining high activity and selectivity. The metal-support interaction is one of the key factors determining the properties of supported metal-containing particles [4, 5] . In particular, the chemical composition of the support can affect the size, morphology, electronic and redox properties of supported metal-contain-ing particles and, accordingly, their catalytic properties [6, 7] . Carbon nanomaterials (CNMs), e.g. active carbon, carbon nanotubes (CNTs), carbon nanofibres (CNFs), graphite carbon (GC), of different structure are successfully used as supports for catalytically active metal and oxide particles and utilized in various catalytic processes such as preferential oxidation of carbon monoxide, methanol electrooxidation, dry reforming of methane, ammonia decomposition [2, [8] [9] [10] [11] [12] [13] [14] [15] [16] . In contrast to oxide supports, they have hydrophobic surface that provides good miscibility in model oil and promote the sulfidation process due to the limited metal-support interaction [9] . These properties of CNMs, as well as adsorption capacity, the absence of strong acid sites and ability to activate oxygen have drawn attention to their use in the process of selective oxidation of sulfur-containing compounds in fuels [17] [18] [19] [20] [21] [22] [23] . In contrast to oxide supports for which different compositions of active components were studied and favorable compositions were selected [24] [25] [26] [27] the open literature on supported active species on CNMs for oxidative desulfurization is quite limited and their optimal type, content and dispersion is not fully understood so far.
Various techniques were developed to modify the CNMs by metal or oxide nanoparticles: traditional wet chemistry routes (impregnation, adsorption, precipitation) [14, [28] [29] [30] [31] , thermal decomposition [32] , electrochemical deposition [33] , hydrothermal synthesis [18] , as well as more specific procedures using laser ablation in liquid [34, 35] or microwave irradiation [15] . Among the wide range of functionalization strategies one the simplest consists of impregnation of carbon material with a solution of a metal oxide precursor with the subsequent thermal treatment. It is obvious that the precursor type and mode of thermolysis of metal-modified CNMs affect the physicochemical and functional properties of the nanocomposite. It was shown that the decomposition of supported compounds depends on the support nature and can be delayed or enhanced compared with the bulk compounds [36, 37] . On the other hand, the stability of CNMs to degradation can be changed in the presence of metal-containing compounds [38, 39] . So the selection of the appropriate metal precursor and mode of thermal treatment of nanocomposite is required for the successful synthesis of CNMs with supported metal oxide nanoparticles.
In this paper with the aim to develop new catalysts based on CNMs with supported metal oxide nanoparticles for oxidative transformations of sulfur compounds, a series of metal oxide nanoparticle-decorated carbon nanotubes (MO x /CNTs, M = Ce, Mo, Cu) were prepared by incipient wetness impregnation and studied by thermoanalytical techniques (TA) coupled with mass spectrometry. The effect of the CNT support on the decomposition pattern of metal precursors, used in the preparation of MO x /CNTs, as well as the influence of modification on the thermal properties of CNTs was elucidated.
Experimental

Catalyst preparation
The CNTs «Taunit» were used in this work as supports. They were purchased from NanoTech-Center Ltd. (Tambov, Russia) and utilized as received without any further purification. The CNTs were multi-walled nanotubes with an inner diameter 10-20 nm and a specific surface area 180 m 2 /g. Their physicochemical properties were given and discussed in [40] .
The MO x /CNT catalysts were prepared by incipient wetness impregnation of a CNT support with solutions of active metal precursors. Unless otherwise specified, aqueous solutions of metal salts have been applied. The following salts of analytical grade were used as active metal precursor: cerium nitrate hexahydrate Ce(NO 3 O) was mixed with the required content of a solution of citric acid in ethylene glycol. The obtained viscous solution was used for the impregnation of a CNT support. After impregnation, the samples were dried for 6 h at 80 °C. The metal content was constant and equal to 10 wt.%.
Characterization of catalysts
The thermogravimetry (TG), differential thermogravimetry (DTG) and differential scanning calorimetry (DSC) analyses were carried out in an STA 449 F3 Jupiter® thermal analyzer (NETZSCH Geratebau GmbH, Germany). The samples of mass about 8 mg were heated in the platinum crucible from 25 up to 1000 °C in N 2 atmosphere at a heating rate 5 o /min. This apparatus for the thermal analysis was connected on-line with a mass spectrometer (MS) QMS 403 C Aёolos so that parallel analysis of gaseous products of the decomposition was carried out. The energy of the ion source was 80 eV and the CH-TRON detector was used. Ion currents for M/q values (M -molecular mass of a particle, q -particle charge) were monitored. Selected M/q values correspond to the molecular and fragmentation ions which can be formed during the decomposition of the metal precursor and CNT support. All intensities of ion peaks were first corrected for the background. occurs due to the sublimation of surface O-containing functional groups, the main gaseous product is CO 2 as it was shown by MS-analysis. The weight loss is not accompanied by any thermal effects ( Fig. 1 ). It is an important result showing the possibility of their use as supports for metal oxides at preparation of nanoparticle-decorated carbon nanotubes MO x /CNTs. Three types of metals as an active component in MO x /CNT materials were considered in this study: Ce, Cu and Mo. The abbreviation of samples and precursor type used for the synthesis of MO x /CNT materials are listed in Table 1 . During thermal treatment of as-prepared samples under inert atmosphere from room temperature to 1000 °C, the thermal decomposition of the metal precursor supported on CNTs as well as the degradation of the carbon matrix are expected. We calculated the expected mass loss during thermal analysis due to the precursor decomposition, suggesting the formation of the corresponding metal oxides ( Table 1) .
Results and Discussions
The expected weight loss of the sample during the decomposition of non-supported (bulk) metal precursors to oxides varies from 20 to 90 wt.%. This value is determined by the ratio of molecular weights of the corresponding compounds. For the supported precursors, such an expected weight loss is less and is in the range of 3-65 wt.%. In both cases, among the samples studied, weight loss is minimal when using ammonium paramolybdate as a metal precursor, and maximum when using metal citrate complexes. Figure 2 demonstrates the behaviors of decomposition of Ce(NO 3 ) 3 ·6H 2 O (a) and Сe/CNT-N (b) in inert atmosphere. According to the obtained data (Fig. 1a ), the decomposition of bulk Ce(NO 3 ) 3 ·6H 2 O proceeds through several steps including the two-stage dehydration process, the formation of anhydrous cerium nitrate and its transformation during which the oxidation of Ce(III) by the nitrate ion with the formation of CeO 2 occurs [41] . The three weight losses are observed at T DTG = 95, 195 and 240 °C, accompanied by pronounced endothermal effects. The evolved gas during the first and second stages is identified as water (m/z = 18) while the third stage is characterized by evolution of nitrogen oxides (m/z = 30, 46). The total mass loss (Δm Σ = 58.4±0.5%) agrees satisfactorily with the theoretical mass loss (60.4%, Table 1 ) to form CeO 2 .
Ce/CNTs
The decomposition of supported Ce(NO 3 ) 3 ·6H 2 O also proceeds over three stages but has some distinctive features (Fig. 2b) . The decomposition of the salt begins at lower temperatures (T DTG1 = 80 vs. 95 °C), other T DTG have a similar shift. This trend also applies to the evolution of nitrogen oxides. The mass loss in the temperature range between 25 and 400 °C (15.0±0.5%) agrees approximately with the expected value (Table 1 ). In addition, the weight loss (25%) without exothermic phenomena is observed at a temperature range between 400 to 1000 °C. It is accompanied by the release of CO 2 in the gas phase ( Fig. 2b ). This indicates a significant degradation of the carbon matrix of CNTs in the presence of oxidizing agents -nitrogen oxides, formed during the decomposition of supported Ce(NO 3 ) 3 ·6H 2 O. Table 2 summarizes the data of TA and MS analysis for all precursors and Ce/CNT samples. Taking into account the literature data and research results [42] [43] [44] [45] [46] [47] [48] [49] , we can conclude that in comparison with bulk salts for supported salts the temperature region of the salt decomposition shifts to the low-temperature region. The decomposition of metal precursors supported on CNTs was started and completed at temperatures of lower by 15-50 and 25-50 °C, respectively, compared with the bulk active metal precursor. This can be connected with higher dispersion of supported salt particles, low concentration of functional groups on the support surface and, consequently a weak metal-support interaction [36] . Comparing the values of the expected (Table 1 ) and experimentally obtained ( Table 2) weight loss of the sample allows us to estimate the degree of the CNT matrix degradation during the thermal treatment of the nanocomposite. Figure 3 shows the temperature of the beginning of CO 2 evolution as well as the weight loss due to the oxidation/decomposition of CNT support during the thermal treatment of the nanocomposite. Obviously, the presence of salt-containing agents capable of redox reactions provokes a significant shift of degradation of the carbon matrix to the low-temperature region. In particular, using as metal precursors CeCl 3 ·7H 2 O, Ce(NO 3 ) 3 ·6H 2 O or (NH 4 ) 2 Ce(NO 3 ) 6 salts reduces the temperature of CO 2 evolution start from 500 (found for pristine CNTs) to 300, 230 and 150 °C respectively. According to the weight loss, the degree of CNT support degradation decreases in the following row of samples: Сe/CNT-N < Сe/CNT-A < Сe/CNT-C < pristine.
Thus the application of CeCl 3 ·7H 2 O preserves the CNT matrix from degradation best but makes impossible to form supported cerium oxide during the thermal treatment up to 600 °C due to the stability of CeCl 3 in an inert atmosphere. When using (NH 4 ) 2 Ce(NO 3 ) 6 salt, the lowest temperature of the beginning of the degradation of the CNT support is observed at the medium values of the weight loss. The Ce(NO 3 ) 3 ·6H 2 O precursor is characterized by a medium temperature at which the CNT degradation starts, while it has the maximum weight loss due to the oxidation/decomposition of the CNT support during the thermal treatment of the nanocomposite. However, using a low temperature for the Ce/CNT thermal treatment (< 500 °C) provides both the decomposition of supported Ce(NO 3 ) 3 ·6H 2 O salts to CeO 2 and the protection of the CNT support from the destruction. In addition, these salts are characterized by high solubility, which is necessary for the preparation of catalysts with a high content of active components.
Cu/CNTs
The behaviors of decomposition of Cu(NO 3 ) 3 ·3H 2 O (a) and Сu/CNT-N (b) in the inert atmosphere are shown in Fig. 4 . Bulk Cu(NO 3 ) 3 ·3H 2 O decomposes by several stages. As can be seen in Fig. 4a , there are four steps with T DTG = 120, 200, 265 and 875 °C which are accompanied by pronounced endothermal effects. The main mass loss of the sample occurs up to 300 °C. According to MS data, at the first stage, the water is the main gas product, while nitrogen oxides start to evolve at 120 °C. At the next stage, the dehydration proceeds with the concomitant decomposition of the nitrate group. The third stage is characterized by predominant evolution of NO x (m/z = 30, m/z = 46). Further thermal decomposition of the compound is not accompanied by significant emissions of gaseous products. However, the change in sample weight in the high-temperature region indicates its further transformations. The total weight loss is 70.9%, which is somewhat higher than the expected value (Table 1) . According to the literature [36, 49, 50] , the decomposition of Cu(NO 3 ) 3 ·3H 2 O leads to the formation of Cu 2 (OH) 3 NO 3 or 3Cu(NO 3 ) 2 •Cu(OH) 2 as intermediate products, and the final product CuO can be obtained at 180-310 °C. Apparently, further heating of CuO in an inert atmosphere leads to the formation of Cu 2 O. Indeed, in this case, the estimated weight loss is 70.4%, which correlates well with the experimentally obtained value.
The thermal decomposition of supported Cu(NO 3 ) 3 ·3H 2 O demonstrates a multistage process with overlapping steps with T DTG = 245 and 570 °C (Fig. 4b) . The dehydration starts at room temperature and finishes at about 400 °C. Before completing dehydration, the decomposition of the nitrate group begins. Between 200 and 400 °C the evolution of H 2 O (m/z = 18) with NO x (m/z = 30, m/z = 46) is observed in MS spectra. The maximum emission of these gases occurs at 250 °C, which is similar to those of bulk material. Nevertheless, the weight loss of the sample at 400 °C is only Δm = 12%, which is lower than the expected value ( Table 1 ). The continued emission of nitrogen oxides in the high-temperature region confirms the broadening of the temperature ranges of the decomposition process for CNT supported Cu(NO 3 ) 3 ·3H 2 O (Fig. 4 ). It is important to note that the second endothermic peak related to the Сu 2 O formation process for a bulk sample is, on the contrary, shifted to the low-temperature region (875 → 570 °C). This expected effect of the CNT support is associated with its reducing potential. The transformation of CuO into Cu 2 O and further into Cu has been previously described for copper nitrate deposited on activated carbon fibers [14] . The difference between the expected mass loss (20.3%, Table 1 ) and the observed one (Δm Σ = 25.4%) is about 5% and may be associated with the degradation of the carbon matrix. According to MS data, CO 2 begins to evolve into the gas phase at a temperature as low as 200 °C. Apparently, the presence of highly reactive nitrogen oxides that enter into redox reactions with the carbon of the support contributes to this. Table 3 contains information for a series of copper-containing samples. The analysis of these results, taking into account literature data [52] [53] [54] [55] [56] , showed that the effect of the support on the decomposition profile of salts corresponds to the shift of the decomposition temperature region and, especially following Cu 2+ reduction, into the low-temperature region. The comparison of the beginning of CO 2 evolution and weight loss due to the oxidation/decomposition of the CNT support during the thermal treatment of the nanocomposite is shown in Fig. 5 . For the Cu-containing system, the temperature at which the support degradation begins estimated from the beginning of CO 2 evolution increases in the following sequence of samples: Сu/CNT-N = Сu/CNT-C < Сu/CNT-S < pristine. Apparently, the reduced stability of the sample can be associated with the formation of Cu 2 OCl 2 at intermediate stages and the release of O 2 . In the case of the Сu/CNT-N sample, the oxidizing agents are nitrogen oxides released during the salt decomposition. A feature of the Cu/CNT-N and Сe/CNT-S system is easy reducibility of Cu 2+ to Cu + and Cu o under heat treatment in an inert atmosphere that contributes to a decrease in the rate of the degradation of the CNT (Fig. 5b) . The low decomposition temperature of copper nitrate and the stability of the carbon matrix in its presence allow us to recommend the use of this precursor for the synthesis of Cu/CNTs materials. Figure 6 shows the mode of the decomposition of (NH 4 ) 6 Mo 7 O 24 ·4H 2 O (a) and Мо/CNT-P (b) in an inert atmosphere. For the bulk (NH 4 ) 6 Mo 7 O 24 ·4H 2 O compound the process includes five stages with T DTA = 95, 120, 200, 295 and 380 °C. All stages, except the second, are accompanied by endothermic effects (Fig. 6 ). In the stages I and II (T < 160 °C), H 2 O (m/z = 18) and NH 3 (m/z = 18) are evolved in gas phase. The third stage (160 < T < 250 °C) is different by a small amount of volatile products and a slight weight loss (Δm = 2%). H 2 O, NH 3 and NO x (m/z = 30, 44, 46) are observed in the gas products at the final decomposition steps (250 < T < 500 °C). It is assumed [57] that NO x is formed as a result of the oxidation of evolved NH 3 by the oxygen contained at the trace level in the inert. The total weight loss in the temperature region up to 500 °C is equal to 18.1 and agrees well with the calculated value of 18.5 ( Table 1 ). It indicates the formation MoO 3 in a medium temperature range. The presented results are in good accordance with the proposed decomposition scheme of (NH 4 ) 6 Mo 7 O 24 ·4H 2 O in an inert atmosphere [57, 58] . It is noted that the heating of the sample to a temperature above 700 °C leads to significant mass loss, indicated by TG results (Fig. 6 ). This effect is related to the process of sublimation of MoO 3 [59, 60] . The MoO 3 is characterized by rather low temperatures of sublimation and can form complex polymers (MoO 3 ) n , n = 3-5 in the gaseous phase [60] .
Mo/CNTs
The decomposition of CNT supported (NH 4 ) 6 Mo 7 O 24 ·4H2O has four stages ( Fig. 6b) . At the first two stages at T < 450 °C, a slight weight loss (Δm = 3.5%) without any thermal effects is observed. In this region up to T = 230 °C, H 2 O (m/z= 18) and NH 3 (m/z = 18) are detected in the gas products, then at a temperature of 230-450 °C, the evolution of NO (m/z = 30) additionally occurs. The expected weight loss due to the salt decomposition is equal to 3.3% (Table 1) . So the value of the weight loss and the composition of the gas phase indicate that supported (NH 4 ) 6 Mo 7 O 24 ·4H 2 O has been transformed to oxide at 450 °C. A large weight loss (Δm = 29.6%) is apparent at a higher temperature (Fig. 6b ). It is accompanied by CO 2 (m/z = 44, m/z = 12) emission and can relate to the degradation of the CNT support. The sublimation of molybdenum oxide can also contribute to the weight loss of the sample at temperatures above 800 °C. The source of NO 2 (m/z = 46) in the gas phase at T = 300-1000 °C is not clear, and additional studies are required to explain this result. Table 4 summarizes the data of TA and MS analysis for all precursors and Мо/CNT samples. It is well known that in ammonium heptamolybdate solutions, molybdenum can form monomeric or polymeric forms, the ratio between which is controlled by pH and the Mo concentration in the solution [61] . So, for the synthesis of Мо/CNT-PА sample ammonium heptamolybdate was dissolved in an aqueous solution of ammonia (pH = 12) instead of water (pH = 6). In such conditions, monomeric species MoO 4 2are expected in the impregnation solution. The decomposition behavior of Мо/CNT-PА is generally like the one of Мо/CNT-P (Table 4 ). However, in the case of Мо/CNT-PА, the total weight loss is significantly lower (14.5 vs. 33.1%), which points to higher stability of the CNT support against thermal degradation (Table 4) .
Thus for Mo-containing samples, the marked effect of the support on the decomposition profile is observed in the case of using ammonium para-molybdate tetrahydrate. For the supported sample ( Fig. 6b) , most of the decomposition occurred up to 400 °C while for unsupported compound the completion of the decomposition was delayed until 470 °C. In contrast to (NH 4 ) 6 Mo 7 O 24 ·4H 2 O, the thermal decomposition of Мо citrate complexes practically is not affected by support.
The extent of the CNT support degradation depends on the Mo precursor type (Fig. 7) . The temperature of the beginning of the CNT support decomposition decreases from 500 to 300 °С in the case of the introduction of Мо in the material (Fig. 7a ). The use of ammonia solution instead of water during the impregnation can reduce the negative effect of the metal presence and increase the thermal stability of the support (Fig. 7b) .
Thus features of the thermal genesis of metal-carbon materials, ceteris paribus, are determined by the nature of the metal precursor. The interrelated effects were observed: on the one hand, the influence of the support on the decomposition parameters of the metal salts, on the other hand, the influence of the metal salt on the behavior of the thermal degradation of the carbon support. As a rule, the deposition of the studied salts on CNTs «Taunit» led to the facilitation of their transformation manifested in a decrease in the temperature of the beginning and end of the decomposition process. The observed promoting effect may be due to the higher dispersion of salt particles on the surface of the support. A decrease in the decomposition temperature may indicate a weak metal-support interaction (MSI) in the M-CNT system as opposed to the observed strong MSI for M-Al 2 O 3 and M-CeO 2 samples [3, 5] . The introduction of salt reduces the resistance of the carbon system to thermal degradation, the degree of which depends on the type of a metal precursor used. In addition to different decomposition temperatures of the metal compounds, the determining factors are different catalytic activity of metals in the oxidation reactions of organic substrates, as well as the composition of gases released during the decomposition. Among the studied metals, cerium compounds have the highest reactivity. It was in their presence that the lowest temperatures of the onset of the CNT matrix degradation were observed (Figs. 3a, 5a, 7a ). The stability of the CNT support against thermal degradation enhanced in the following sequence of metal cations: Ce < Cu < Мо < pristine and metal precursor anions: nitrate < chloride < sulfate (Tables  3-5 , Figs. 3a, 5a, 7a ). The following active metal precursors (a water solution of Ce(NO 3 ) 3 ·6H 2 O, a water solution of Cu(NO 3 ) 2 ·3H 2 O and an ammonia solution of (NH 4 ) 6 Mo 7 O 24 ·4H 2 O)) were selected for the advanced synthesis of nanosized MO x /CNT catalysts. Based on the obtained data, a sample calcination temperature of 600 °С was chosen. At this temperature, the decomposition of the corresponding metal precursors is ensured, and the degradation of the carbon support is avoided.
Conclusions
To develop new catalysts based on CNMs with supported metal oxide nanoparticles for oxidative transformations of sulfur compounds, a series of metal oxide nanoparticle-decorated carbon nanotubes (MO x /CNTs, M = Ce, Mo, Cu) were prepared by incipient wetness impregnation and studied by thermoanalytical techniques coupled with mass spectrometry. The effect of the CNT support on the decomposition pattern of metal precursors used in the preparation of MO x /CNTs, as well as the influence of modification on the thermal properties of CNTs was elucidated. During thermal treatment of as-prepared samples under inert atmosphere from room temperature to 1000 °C the thermal decomposition of the metal precursor supported on CNTs, as well as the degradation of the carbon matrix occur. It was established that the decomposition of metal precursors supported on CNTs mostly shifted to low temperature compared with the bulk active metal precursor. The stability of CNT support against thermal degradation enhanced in the following row of metal cations: Ce < Cu < Мо < pristine and metal anions of precursor: nitrate < chloride < sulfate. The thermal treatment at 600 °C and appropriate active metal precursors (water solution of Ce(NO 3 ) 3 ·6H 2 O, water solution of Cu(NO 3 ) 2 ·3H 2 O and ammonia solution of (NH 4 ) 6 Mo 7 O 24 ·4H 2 O)) were selected for the advanced synthesis of nanosized MO x /CNT catalyst.
Eurasian Chemico-Technological Journal 21 (2019) 303-316
